The objective of the study was to characterize body growth, testicular development, and puberty from 8 to 14 mo of age in bulls (n = 120) produced by mating sires from Hereford, Angus, Norwegian Red, Swedish Red and White, Friesian, and Wagyu breeds to MARC III (¹⁄₄ Hereford, ¹⁄₄ Angus, ¹⁄₄ Red Poll, and ¹⁄₄ Pinzgauer) cows. Traits evaluated were birth weight, weaning weight (at 215 d), yearling weight, ADG from 8 to 14 mo of age, paired testicular volume growth from 8 to 14 mo of age, age at puberty (determined by production of 50 × 10 6 sperm with 10% motility), age at freezable semen (determined by production of 500 × 10 6 sperm with 50% motility), and, at 15 mo of age, paired testicular weight and daily sperm production per testis pair. There was an effect of sire breed (P = 0.03) for age at puberty; animals with Wagyu and Swedish Red and White inheritance reached puberty at a later date (302 and 302 d of age, respectively) compared with Angussired bulls (268 d). Age at puberty for Hereford-, Norwegian Red-, and Friesian-sired bulls was 270, 271, and 278 d, respectively. Differences in BW were observed (P = 0.03) at birth; bulls with Hereford and Friesian
INTRODUCTION
The sixth cycle of the Germplasm Evaluation Program (GPE), developed at the US Meat Animal Research Center, characterizes breeds representing several biological types of cattle. It included 2 Scandina-1 Mention of a trade name, proprietary product, or specified equipment does not constitute a guarantee or warranty by the USDA and does not imply approval to the exclusion of other products that may be suitable. 2 We thank A. Kruger for technical assistance and J. Watts for secretarial support and express our appreciation to G. Hays, W. Smith, and the entire cattle crew for their outstanding animal husbandry.
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were heavier at birth (43 and 41 kg, respectively) compared with those with Norwegian Red, Swedish Red and White, and Wagyu inheritance (39, 38, and 38 kg, respectively) . Differences in BW were also observed at 1 yr of age (P = 0.001), where the heaviest animals were those sired by Angus (450 kg), whereas the lightest animals were those sired by Wagyu (403 kg). Bulls with Wagyu inheritance had the lowest (P = 0.04) ADG (1.12 kg/d) compared with bulls with inheritance from Hereford (1.22 kg/d), Angus (1.28 kg/d), Norwegian Red (1.24 kg/d), Swedish Red and White (1.25 kg/d), and Friesian (1.27 kg/d). Differences in scrotal growth rate were not significant (P = 0.99). They ranged from 1.95 in Angussired to 1.66 cm 3 /d in Wagyu-sired bulls. There were no differences (P = 0.80) for age at freezable semen (335 ± 10 d). At slaughter (15 mo of age), there were no differences (P = 0.62) for paired testicular weight (603 ± 28 g) and daily sperm production (10.6 × 10 9 ± 0.9 × 10 9 per testis pair). Growth of bulls with Wagyu inheritance was slower, and bulls with Wagyu or Scandinavian inheritance reach puberty at an older age than bulls with Angus inheritance.
vian breeds (Norwegian Red and Swedish Red and White), Friesian (European dual-purpose, with no Holstein inheritance), Wagyu (Japanese Black and Japanese Red), and 2 British breeds (Hereford and Angus). Growth, carcass composition, and meat quality traits have been evaluated in steers and heifers of this cycle (Cundiff et al., 2001; Wheeler et al., 2004; Casas and Cundiff, 2006) . The increasing use of EPD information and AI by beef cattle producers has placed greater value on early puberty, larger testis size, and increased sperm production by individual bulls. Thus, there is a need for characterization of reproductive traits in bulls representing diverse beef breeds. An evaluation of reproductive development of beef bulls in cycle V of the GPE (Lunstra and Cundiff, 2003) compared 3 heat-tolerant breeds (Brahman, Boran, and Tuli) and 1 continental breed Hereford  10  7  17  Angus  10  10  20  Norwegian Red  7  7  14  Swedish Red and White  5  8  13  Friesian  13  15  28  Wagyu  16  12  28  Total  61  59  120 (Belgian Blue) with 2 British breeds (Hereford and Angus).
The objective of the current study was to extend the previous evaluations conducted in GPE cycle V and characterize F 1 bulls from GPE cycle VI for growth, testicular development, and puberty.
MATERIALS AND METHODS

Animals
The US Meat Animal Research Center Animal Care and Use Committee approved these experimental procedures.
Bulls for this study were produced by MARC III (¹⁄₄ Hereford, ¹⁄₄ Angus, ¹⁄₄ Red Poll, ¹⁄₄ Pinzgauer) cows as part of cycle VI of the GPE program. Wheeler et al. (2004) described the mating scheme to produce these bulls. Briefly, cows were mated by AI to Hereford, Angus, Norwegian Red, Swedish Red and White, Friesian, or Wagyu sires. A total of 81 sires were used to produce 120 bull calves. Bull calves were born during the spring of 1997 (n = 61) and 1998 (n = 59). Table 1 shows the number of animals born by sire breed and year.
Management and Data Collection
Bull calves were weaned at 215 ± 1 d of age and were fed a diet of corn silage, rolled corn, and proteinmineral-vitamin supplement (2.69 Mcal of ME/kg of DM, 12.9% of CP of DM) for 9 mo. After a 42-d acclimation period, BW, hip height, scrotal circumference, and length of each testicle were measured at 28-d intervals for 7 mo. All testicle measurements were done by 1 technician using procedures described by Lunstra et al. (1988) . Concurrent with these measurements, electroejaculated semen collections began when the bulls reached a scrotal circumference of 26 cm and continued at 28-d intervals. Ejaculate volume, sperm concentration, and progressive motility were assessed for each ejaculate, using the methods described by Lunstra and Echternkamp (1982) . Briefly, semen was maintained at 37°C, and progressive motility was determined from duplicate estimates using a microscope (400× magnifi- (Lunstra and Coulter, 1997) . Puberty was defined as the age at which a bull first produced an ejaculate containing at least 50 × 10 6 sperm with >10% progressive motility (Lunstra et al., 1978) . Age at first freezable semen was defined as the age at which a bull first produced an ejaculate containing at least 500 × 10 6 sperm with >50% progressive motility (Lunstra et al., 1993) . The age of freezable semen represents a threshold after which freezing of semen becomes economically feasible. Semen collection ceased for each bull when they achieved 500 × 10 6 sperm with at least 50% progressive motility.
To calculate paired testicular volume, scrotal circumference was assumed to represent the connected circumference of 2 apposed circles of equal radius, using the following equation (Lunstra et al., 1988) : scrotal circumference = (4 × radius) + (2π × radius); no adjustment for thickness of the scrotum was used. Average testicular length was calculated by averaging the lengths of the left and right testicles. Assuming each testicle was a prolate spheroid, paired testicular volume was calculated using the following formula (Lunstra et al., 1988) : paired testicular volume = 0.0396 × average testicular length × (scrotal circumference) 2 . Approximately 30 d after collection of the final data, bulls were slaughtered (approximately15 mo of age) at a local slaughter facility. Testes obtained at slaughter were weighed, and a sample of testicular parenchyma (10 g) was snap-frozen for subsequent homogenization to determine total daily sperm production per paired testes (Amann et al., 1974) .
Traits Evaluated
Several traits were obtained once. These traits were birth weight, weaning weight (215 d), yearling weight, paired testicular weight, total daily sperm production per testis pair, age at puberty, and age at freezable semen. Other traits were measured in 7 periods. The dates on which the measurements were taken are shown in Table 2 . These traits included scrotal circumference and right and left testicular length, height, and weight. Paired testicular volume was calculated each period using the formula previously described. Means without a common superscript within trait are different (P < 0.05). 
Statistical Methods
For birth weight, weaning weight, yearling weight, paired testicular weight, age at puberty, and age at freezable semen, a fixed model was fitted using the GLM procedure (SAS Inst. Inc., Cary, NC). The model used included sire breed (Hereford, Angus, Norwegian Red, Swedish Red and White, Friesian, and Wagyu), 4 cow age groups (4 and 5 yr, 6 and 7 yr, 8 and 9 yr, and 10 yr and older), year of birth (1997 and 1998) , the linear effect of birth date, and interactions of sire breed with cow age, sire breed with year of birth, and year of birth with cow age. Each sire produced on average 1.5 bull calves; consequently, sire was excluded as a random effect due to inaccurate variance component estimates.
Growth rate was evaluated for traits measured in several periods. Traits included were scrotal circumference, average testicular length, paired testicular volume, hip height, and BW. The GLM procedure of SAS was used to generate linear regressions. The model included similar effects as previously mentioned, with the addition of the fixed effect of age in days at each period and the interaction between sire breed and age in days. Sire was excluded as a random effect. Estimates were used to generate the slope of each sire breed and to make pairwise comparisons of sire breed slopes. A contrast was used to compare all sire breed slopes.
RESULTS
Growth
Means by sire breed of BW at birth, at weaning, and at 1 yr of age are shown in Table 3 . Differences were detected (P = 0.03) at birth; bulls with Wagyu inheritance were the lightest, although similar to bulls from Angus and Norwegian Red sires. No differences by sire breed were detected (P = 0.15) for weaning weight. Sire breed influenced weight at 1 yr of age (P = 0.001); bulls with Wagyu inheritance were the lightest at 1 yr of age but were similar to Norwegian Red-and Swedish Red and White-sired bulls.
Growth rate from 9 to 14 mo of age is shown in Figure  1 . Differences were observed (P = 0.039) among sire breeds; bulls with Wagyu inheritance had the slowest growth rate compared with Angus, Hereford, Norwegian Red, Swedish Red and White, and Friesian. Animals with Wagyu inheritance accrued the least BW when growing. Table 4 shows the means by sire breed for age at puberty and at freezable semen, paired testicular weight, and total daily sperm production. Angus-sired bulls reached puberty at an earlier age compared with Table 4 . Levels of significance, least squares means, and SEM for age at puberty (AP), age at freezable semen (AFS), paired testicular weight (PTW), and total daily sperm production (TDSP) at slaughter by sire breed Means without a common superscript within trait are different (P < 0.05).
Pubertal Development
1
Total daily sperm production is expressed as sperm production in millions. bulls with Swedish Red and White and Wagyu inheritance (P = 0.026). Bulls produced by Hereford, Norwegian Red, and Friesian sires reached puberty at a similar age as Angus-sired bulls. The average age at freezable semen was 335 ± 4 d; this age was similar (P = 0.80) for all sire breeds. Average paired testicular weight and total daily sperm production were 603 ± 7 g and 10.7 ± 0.23 × 10 9 sperm/paired testes; sire breed was an unimportant factor (P = 0.62) affecting these 2 traits.
Rates for scrotal circumference growth (P = 0.92), average testicular length (P = 0.73), paired testicular volume (P = 0.14), and hip height (P = 0.63) were similar regardless of sire breed (Table 5 ). At 9 mo of age, the mean for scrotal circumference, average testicular length, paired testicular volume, and hip height were 26.9 ± 0.2 cm, 9.2 ± 0.1 cm, 270 ± 6 cm 3 , and 116 ± 0.3 cm, respectively. At 14 mo of age, the mean for scrotal circumference, average testicular length, paired testicular volume, and hip height for all bulls were 35.4 ± 0.2 cm, 11.7 ± 0.1 cm, 585 ± 10 cm 3 , and 129 ± 0.3 cm, respectively.
DISCUSSION
Wagyu-sired bulls in the current study reached puberty 34 d later than the Angus-sired bulls; in contrast, Tatman et al. (2001) observed that Wagyu were 53 d younger than Angus in straightbred bulls evaluated in Texas. These Angus bulls were proportionately older, 373 d, for age at puberty than the Wagyu bulls, 320 d, relative to their ages in the current study. Potential explanations for this difference include inappropriate sampling of each breed, the effect of heterosis associated with comparison of straightbred with crossbred bulls and environmental interactions. The study of Sosa et al. (2002) proposed that straightbred Wagyu bulls reach puberty at a younger age and smaller scrotal circumference than other breeds, whereas the current findings indicate that these differences are lost in crossbred Wagyu bulls. Environmental influences on age at puberty are readily apparent, because Brahman-and Tuli-sired bulls were older when reared in Florida relative to rearing in Nebraska, but scrotal circumference at puberty was similar at each location Lunstra and Cundiff, 2003) . Likewise, Almquist and Amann (1976) observed puberty in Holstein bulls at 273 d of age; however, in the report of Jimenez-Severiano (2002), Holstein and Brown Swiss bulls did not achieve puberty until 318 d of age. A major difference being that the Jimenez-Severiano (2002) study was conducted under tropical conditions. It is known that environment plays an important role in pubertal development (Fields et al., 1979; Godfrey et al., 1990) .
Testis size of beef and dairy Bos taurus breeds evaluated in the current study were similar at 15 mo of age. Likewise, Lunstra et al. (1988) and Lunstra and Cundiff (2003) observed no differences in testicular size by 15 mo of age among B. taurus breeds. Jimenez-Severiano (2002) indicated that under tropical conditions, scrotal circumference of puberal Holstein and Brown Swiss bulls was similar to those of puberal bulls under temperate climate. However, differences have been observed when comparing testicular size between B. taurus and Bos indicus animals (Fields et al., 1979; Godfrey et al., 1990; Lunstra and Cundiff, 2003) . Animals with B. indicus inheritance develop smaller testicles compared with animals with B. taurus inheritance.
Growth, age at puberty, and scrotal circumference have been modified in Hereford and Angus bulls during the past 40 yr. Wolf et al. (1965) , using Hereford and Angus bull calves, indicated that yearling BW was 374 and 369 kg, respectively. Bulls currently being produced for these breeds are heavier at the same age (Lunstra and Cundiff, 2003 ; present study). Wolf et al. (1965) also indicated that age at puberty was 315 and 308 d for Hereford and Angus, respectively, whereas currently produced bulls of these breeds reach puberty by more than 40 d younger (Lunstra and Cundiff, 2003; present study) . Also, scrotal circumferences at puberty reported in the current study for Hereford and Angus, 27.7 and 28.1 cm, respectively, are similar to those reported by Lunstra and Cundiff (2003) ; however, these are smaller than those observed by Wolf et al. (1965) , who reported scrotal circumferences of 31.2 and 30.0 cm at puberty for Hereford and Angus bulls, respectively. In contrast, bulls of these 2 breeds now do not achieve scrotal circumferences greater than 30 cm until 1 yr of age or older. Lunstra et al. (1988) , observed scrotal circumferences at 364 d of 30.1 and 31.9 cm for Hereford and Angus bulls, respectively, and Gregory et al. (1991) Differences in BW at birth and at 1 yr of age were observed in the current study. Cundiff et al. (2001) indicate that animals with inheritance other than Wagyu were heavier at birth, when compared with animals with Wagyu inheritance. In the current study, animals with Wagyu inheritance had the lightest birth weight but were similar to animals with Angus, Norwegian Red, and Swedish Red and White inheritance. Cundiff et al. (2001) also indicate that at weaning, progeny of Hereford and Angus sires were heavier than progeny of other breeds. Progeny of Wagyu sires were the lightest at weaning compared with all other breeds.
Differences in the comparison of BW with other studies could be attributed to the number of individuals used. Cundiff et al. (2001) used the entire calf crop (more than 2,140 animals), and Casas and Cundiff (2006) evaluated the generation produced from the contemporary heifers of the bulls used in the current study (807 animals), compared with 120 bulls included in the current study. Another difference when comparing studies is that Cundiff et al. (2001) and Casas and Cundiff (2006) evaluated either steers or heifers for BW at different ages.
No differences were observed for scrotal circumference at puberty among all breeds. However, Sosa et al. (2002) indicated that American Wagyu have smaller scrotal circumferences than reported for other breeds. It is possible that the number of bulls evaluated in the current study hampered the ability to detect such differences. At 13 mo of age, bulls in the current study reached a scrotal circumference of 33 cm, whereas Wagyu animals used by Sosa et al. (2002) , only reached a scrotal circumference of 30 cm at similar age. These differences could be attributed to heterotic effects in crossbred animals used in the current study. Regardless of sire breed, bulls reached puberty when scrotal circumference reached approximately 28 cm in diameter as previously reported (Lunstra et al., 1978 (Lunstra et al., , 1988 (Lunstra et al., , 1993 . Dairy breed bulls used in beef production reach puberty at similar scrotal circumference as bulls of beef breeds.
In summary, bulls with Wagyu or Scandinavian inheritance reached puberty at an older age than Angussired bulls. Similar scrotal circumference and testicular volume were observed in all breeds at puberty; production of freezable sperm occurred at similar age, and their sperm production was similar at 15 mo of age. Growth rate of bulls with Wagyu inheritance was less than in bulls with inheritance from other beef and dairy breeds, indicating that producers using Wagyu would need greater emphasis on growth rate in genetic improvement programs.
